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(57) Abstract: The present invention proposes a new way of improving the phase stability and frequency selectivity of a phase shift 
oscillator (100). By introducing a filler-order enhancing feedback loop (124) in association with a phase shift filter (122) in the 
oscillator, higher-order phase shift filtering can be achieved without using inductive elements as in conventional higher-order LC 
phase shift filters. This is a great advantage, since a high Q-value can be obtained without limited by the relatively high internal 
losses of inductive elements (L). 
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OSCILLATORS WITH 
ACTIVE HIGHER-ORDER PHASE SHIFT FILTERING 

TECHNICAL FIELD OF THE INVENTION 

5 The present invention generally relates to the field of oscillator design, and more 
specifically to the issue of oscillator phase stability. 

BACKGROUND OF THE INVENTION 

10 Oscillators can be found in numerous fields of technology, and are widely used for 
example in computers, telecommunication equipment and other electronic systems. 
With the ever-increasing demand for faster and more effective electronic systems 
comes the need for more and more sophisticated oscillators. In particular, the ever- 
increasing data processing and transmission rates in modem electronic systems reduce 

15 the timing margins between correlated signals and events. 

In this respect, a major source of uncertainty are the variations, commonly referred to 
as phase noise or jitter, in the output signal period of the various clock signals that are 
used as timing references in such a system. Therefore, clock oscillators with high 
20 phase stability and low phase noise are of outmost importance in synchronous high- 
speed electronic systems. 

SUMMARY OF THE INVENTION 

25 It is a general object of the invention to provide a high quality oscillator with excellent 
oscillation properties. 
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It is a particular object of the invention to improve the oscillator phase stability and 
frequency selectivity. 

It is also an object of the invention to design an oscillator without the use of inductors 
5 or similar low quality components. 

Yet another object of the invention is to provide an oscillator that is capable of 
operating in high performance, high speed digital electronic systems and 
communication links with tight timing requirements and/or harsh spectral purity 
10 requirements. 

These and other objects are met by the invention as defined by the accompanying 
patent claims. 



15 



20 



25 



The present invention proposes a new way of improving the phase stability and 
frequency selectivity of a phase shift oscillator. By introducing a filter-order enhancing 
feedback loop in association with a phase shift filter in the oscillator, higher-order 
phase shift filtering can be achieved without using inductive elements as in 
conventional higher-order LC phase shift filters. This is a great advantage, since a high 
Q-value can be obtained without being limited by the relatively high internal losses of 
inductive elements (L). 

In a preferred realization, the proposed higher-order phase shift filter includes an 
active amplifying element in connection with an internal feedback loop. 
Advantageously, the active element is provided in the form of an inverting amplifier, 
which is ftirther arranged together with an input capacitor blocking the input of the 
inverting amplifier and an output capacitor shunting the output of the inverting 
amplifier to ground. 
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3 

For improved flexibility, the filter-order enhancing feedback loop may be realized as a 
number of interconnected reactive blocks, each one of which is individually weighted 
for providing a customized, application-specific frequency response of the 
corresponding phase shift filter. 

5 

The invention offers the following advantages: 
Excellent oscillation properties; 
High phase stability; and 
Improved and customized frequency selectivity. 

10 

Other advantages offered by the present invention will be appreciated upon reading of 
the below description of the embodiments of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 

The invention, together with further objects and advantages thereof, will be best 
understood by reference to the following description taken together with the 
accompanying drawings, in which: 

20 Fig, 1 is a conceptual top-level diagram of an oscillator feedback system according to 
the invention; 

Fig. 2 is a schematic circuit diagram of a higher-order phase shift filter with internal 
feedback according to a preferred embodiment of the invention; 

25 

Fig. 3 is a schematic mid-frequency small signal AC electrical equivalent model of the 
phase shift filter of Fig. 2; 
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4 

Fig. 4 is a schematic diagram illustrating the frequency -dependent phase shift function 
of the phase shift filter of Fig. 2; 

Fig. 5 is a schematic diagram illustrating the frequency-dependent amplitude function 
of the phase shift filter of Fig. 2; 

Fig. 6 is a schematic circuit diagram of a double-stage ring-topology oscillator based 
on phase shift filters according to a preferred embodmient of the invention; 

Fig. 7 is a schematic diagram of a filter-order enhancing feedback loop with the 
possibility of customized, application-specific frequency response; 

Fig. 8 is a conceptual high-level block diagram illustrating an oscillator based on two 
interconnected oscillator feedback systems according to a preferred embodiment of the 
invention; 

Fig. 9 is an ideal equivalent bisected model of the oscillator of Fig. 8 illustrating the 
desired operation during differential mode excitation; 

Fig. 10 is a detailed circuit diagram of a differential oscillator based on the high-level 
block diagram of Fig. 8; 

Fig. 11 is a schematic mid-frequency small signal AC electrical equivalent model of 
the emitter-follower based integrator/oscillator amplifier of Fig, 10; 

Fig. 12 is a schematic mid-frequency small signal AC electrical equivalent model of 
the inverting amplifier based feedback network of Fig. 10, including the bisected 
common capacitive link; 
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5 

Fig. 13 is a schematic circuit diagram of a differential oscillator implementation 
incorporating multiple cascaded phase shift filters; and 

Fig. 14 is a schematic circuit diagram of a cross-coupled oscillator according to the 
5 invention. 

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION 

A fundamental property for high phase stability in oscillators is low phase noise, and 
10 therefore it is important to have a clear understanding of the underlying mechanisms 
that affect the phase noise characteristics. In order to obtain an oscillator output signal 
with high spectral purity and low phase noise, frequency selective circuits are 
generally introduced in the oscillator feedback system such that signal components at 
frequencies away from the desired oscillation frequency will be attenuated and no 
15 longer fulfil Barkhaussen's conditions for self-sustained oscillation. 

In this regard, it has been recognized that the phase noise enhancement is closely 
related to the frequency characteristics of the frequency selective circuits in the 
oscillator feedback system, and that a sharp filter function of higher order in the 
20 oscillator feedback system gives a more narrow frequency output range and increased 
spectral purity. 

In conventional wide-band oscillator loops with poor frequency selectivity normally 
encountered in ring topologies, the attenuation unaided has a 20 dB increase per 
25 frequency decade. Cross-coupled high impedance oscillators using inductive-capacitive 
(LC) resonant filter networks typically have a 20 dB improvement in attenuation and 
serve as an industry standard for low phase noise characteristics. However, the 
improvement of the cross-coupled LC oscillators comes at the price of being limited to 
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bulky, inductive (L) elements with relatively high internal losses that severely degrade 
the oscillator quality value. 

Consequendy, there is a general demand for an oscillator diat provides at least the 
same order of fi-equency selectivity as conventional LC oscillators, but without 
incorporating bulky inductive elements or similar low quality components. 

The present invention proposes the introduction of a filter-order enhancing feedback 
loop in association with a phase shift filter in the oscillator feedback system in order to 
provide higher-order phase shift filtering. 

Fig. 1 is a conceptual top-level diagram of an oscillator feedback system according to 
the invention. The oscillator is here viewed as a feedback system, which is based on a 
new type of higher-order phase shift filter. The oscillator feedback system 100 
basically comprises a general gain block 110 and a selectable number N of higher- 
order phase shift filters 120-1 to 120-N accordmg to the invention. Each higher-order 
phase shift filter (PSF) 120-n comprises a lower-order phase shift filter 122-n and a 
filter-order enhancing feedback loop 124-n, where n is an integer from 1 to N. It has 
been recognized that a properly configured feedback loop in comiection with an 
ordinary phase shift filter provides higher-order phase shift filtering and improves the 
frequency selectivity. The complexity of the filter-order enhancing feedback loop may 
vary, ranging fi-om a purely resistive feedback to more complex combinations of 
various reactive elements, as will be described later on. 

25 Although all the PSFs in the oscillator feedback system are illustrated as higher-order 
PSFs with internal feedback loops, it should be understood that a sufficient condition 
for improving the frequency selectivity is that at least one phase shift filter is provided 
in the form of a higher-order PSF according to the invention. 



15 



20 



4) 
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In addition, or as an alternative, a filter-order enhancing feedback loop 130 may be 
arranged around one or more PSFs in the oscillator feedback system. In this way, 
there may be several levels of filter-order enhancing feedback loops in the oscillator 
feedback system. Although, the feedback loop 130 is external to the PSFs, it is still an 
5 internal loop with respect to the overall oscillator feedback system 100. 

The gain block 110 has a transfer function G(s) and provides the necessary 
amplification to compensate for the attenuation and losses in the phase shift filters. In 
Fig. 1, the gain block 110 is illustrated as a separate unit but it may be distributed, 
10 completely or partly, into the PSFs 120. 

For a better understanding of the invention, a more detailed example of a higher-order 
phase shift filter with internal feedback will now be described with reference to Fig. 2. 
Fig. 2 is a schematic circuit diagram of a higher-order phase shift filter with internal 

15 feedback according to a preferred embodiment of the invention. In this embodiment, 
the phase shift filter is configured as a lead-and-lag network formed around an 
inverting amplifier (AMP), which has a resistive filter-order enhancing feedback loop 
Rjp. The lead-and-lag function is formed by proper insertion of two capacitive 
elements. A first phase advancing (differentiating) link is formed by inserting a block 

20 capacitive element Cl^^ in the input signal path of the inverting amplifier, together 
with a resistance Rlead to ground. On the output, a shunt capacitor Claq to ground will 
act phase retarding (integrating) when the inverting amplifier is loaded. Altogether, the 
inverting amplifier, the associated internal feedback and the capacitive elements form a 
frequency selective lead-and-lag network, effectively operating as if a resonant filter 

25 was present. 

In order to gain some insight into the operation of the phase shift filter and in 
particular the impact of the internal feedback on the frequency characteristics of the 
filter, a simplified analysis of the phase shift filter of Fig. 2 will now be made with 
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reference to the electrical equivalent model of Fig. 3. The model reflects a generic 
implementation of the phase shift filter of Fig. 2 based on a lead-and-lag configuration 
with a general feedback element. The inverting amplifier of Fig. 2 is here replaced by 
an equivalent circuit that models the small signal gain using a voltage controlled 
current source with transconductance g.. Frequency dependent parts of the amplifier 
model are incorporated into the input and output sections for simplicity without any 
loss of generality. The output impedance of the transistor is also neglected. 

The differentiating input lead section provides a phase advance, while the integrating 
output lag section provides a phase retard of the signal. The nominal phase shift at the 
oscillation frequency is either zero or 180 degrees (inverted operation) depending on 
the configuration. Any other target phase shift is however possible, but at the expense 
of reduced phase slope and ultimately increased jitter. Both in-phase and cross-coupled 
topologies may benefit from the enhanced internal feedback phase shift filter of the 
mvention. In addition, the lower frequency phase shift is near quadrature (90 degrees) 
thus elmiinating the possibility for spurious oscillations in a high gain region The 
differentiation is essentially a high-pass filter with a signal block capacitor and a shunt 
resistor to ground, dius providing an effective DC block. The integration is 
miplemented by loading the amplifier with a capacitive shunt to ground. 

Applying Kirchoff's current summation law for the input lead section: 



Rlead 



25 



Where the reactance is represented in the Laplace domain. 

Applying Kirchoffs current summation law for the output lag section: 



4 I 
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(Vq-Va) 



(2) 



Expression (2) can be rewritten as: 
1 + sZfClag \7 



(3) 



Expressions (1) and (3) give the transfer function F(s) of the phase shift filter: 



V 

F(s) = -1^ = 



(l-g^Zp) + (l + --E- + sZFC 

'^LEAD 



(4) 



10 The phase shift function is then extracted from expression (4) in the frequency domain 
(s=jcD): 



(t)(co) = arg[F(cD)] = arg 



N(co) 
D(a>). 



71 



= ---arg[D(co)] 



(5) 



15 The denominator D(co) is given by: 



D(co) = 1 - g^Zp + (1 + + JcoZpCleadXI + jt^ZpCLAG ) 



R 



(6) 



LEAD 



Provided that gmZp » l,Zp /Rlead « ^ » expression (6) can be approximated as: 



20 
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^LAG 



.2 



= i-g„Zp ^ +W— !— 



(7) 



The perfonnance characteristics of the phase shift filter of Fig. 3 is then analyzed by 
mtroducmg a reference topology in form of a simple second order LC filter with 
5 known performance propeities, and comparing the two topologies. 

The reference topology is selected as a second order LC filter configured with a block 
capacor and a shun, inductor. Tb, transfer function F^(s) of the reference filter is 



given by: 



10 



Vi l + s^LC + sRC (8) 



The denominator D(«) of the corresponding phase shift fiinction in the frequency 
domain (s=j(o) is then given by: 

15 

Dlc(«) = 1 - (D^LC + joRC 

(9) 

By matching corresponding terms in expressions (7) and (9) it can be seen that the 
actave mductor free implementation of Fig. 3 has the same filter order as the second 
20 order LC topology. 

Simulations on a FET-based IGHz oscillator have indeed shown that the new phase 
shtft filter of Fig. 2 has higher^„ier filter properties. The results of the simulations 
are schematically illustrated in Figs. 4 and 5. 
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Fig. 4 is a schematic diagram illustrating the frequency-dependent phase shift function 
of the phase shift filter of Fig. 2. The phase shift function of the phase shift filter 
according to the invention is depicted by a solid line as a second order function, 
whereas the phase shift function of a simple first order filter is depicted by a dashed 

5 line. The second-order phase shift function of the invention experiences an abrupt 
change in phase shift when the frequency deviates slightly from the desired oscillation 
frequency. This generally means that only those frequency components that are very 
close to the desired oscillation frequency fulfil the necessary oscillation conditions, 
thereby improving the phase stability and frequency selectivity of the oscillator. The 

10 second order properties of the phase shift filter is generally manifested by a large 

frequency derivative k = — at the oscillation frequency, which naturally translates 

dcD 

into a corresponding large quality value Q: 



2 dco 



(10) 



15 



The internal feedback loop thus effectively provides a second order filter function, 
replacing tricky resonator-based low-quality components. 



As can be seen from the amplitude frequency response shown in Fig. 5, a band-pass 
20 filter response with a 40 dB/decade attenuation roll-off both for higher and lower 
frequencies can be obtained. 



For a more complete understanding of the invention, the filter-order enhancing 
feedback loop will now be described in relation to a particular realization example of 
25 an oscillator feedback system. 
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Fig. 6 is a schematic circuit diagram of a rir.g-K>pology oscUlator based on phase shift 
filters according to a preferred embodiment of the invention. The oscUlator 200 
basically comprises two active phase shift niters 204A, 204B connected in a ring 
topology. Each phase shift Alter 204A/204B is based on an invert.ng common-source 
amplifier 206A/206B with internal feedback for providing second order phase shift 
filtermg. Advantageously, the internal ftlter-order enhancing feedback of the common- 
source amplifier is purely resistive R, for reduced complexity. In this realization the 
common-source amplifters have active p-MOS loads, which are connected to 
conventional circuitry for bias control to set the DC currents. Each of the phase shift 
niters 204A/204B ftrrther comprises an input capacitor C, blocking the input of the 
averting amplifier 206A,206B, and an output capacitor C, shunting the output of d>e 
mverang amplifier to ground, thus fonning a lead-and lag filter network. 

To obtain a higher gain, especially when considering a CMOS unplementation with 
common-source amplifiers using active loads, several such feedback-enhanced 
amphfier suges (an odd number to maintain the inverting action) may be utilized in a 
cascaded chain. High operating frequencies can be achieved with moderate power 
consumption stace each phase shift filter will have both a lead and a lag fl,nc.ion ami 
may thus compensate for propagation delay and the associated phase shift m the 
cascaded amplifier chain. Careft.. dimensioning of the internal feedback loop prevents 
any spurious oscillation, especially if a high-gam, low-unpedance feedback scheme is 
Utilized. 



25 



AS an alternative to a purely resistive filter-order enhancing feedback loop the 
feedback loop may be customized for a specific application by replacing the feedback 
reststor by a series/parallel comtection of segmented reactive blocks. In the limit a 
lumped element is replaced by a segmented frequency depe«len, combination of 
atomtc blocks, giving an ahnost continuous function of ftequenoy if several blocks are 
nsed. An example of such a segmented feedback arrangement will now be described 
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with reference to Fig. 7. The feedback loop of Fig. 7 comprises a series connection of 
segmented parallel RC-networks R,//C,, R2//C2, Rn^/C^ and a base resistor Rq. 

Each resistor is bypassed (low ohmic) by the corresponding capacitor above an 
5 individually set comer frequency f^ given by fn=l/(27tRnCn). By using this fact, it is 
possible to segment a given total resistance R=Ri-hR2 + ...+ R^ such that the 
operational resistance of the filter-order enhancing feedback loop changes from a 
maximum value to a minimum value over an arbitrary curve form when the frequency 
increases. The resistance and capacitance values can be selected freely, and in analogy 
10 with the mathematical Taylor expansion of an arbitrary function using a polynomial 
base, the incremental analysis of the distributed internal feedback yields that any type 
of low-pass or band-pass filtering function may be implemented using the presented 
algorithm. 

15 Here, the main benefits are that the high frequency gain is lowered and the roll-off at 
higher frequencies is increased by the capacitive short circuit of the input and output 
nodes. In addition, the DC bias of the feedback loop is simplified since the base load 
of Ro is not restricted to low values to obtain the desired oscillation frequency. 

20 The invention is equally applicable to oscillators with more than one oscillator 
feedback system. In the following, the invention will be described with reference to a 
differential oscillator that is based on two oscillator feedback systems interconnected 
by one or more common phase shifting links. 

25 Fig. 8 is a conceptual high-level block diagram illustrating an oscillator based on two 
properly interconnected oscillator feedback systems according to a preferred 
embodiment of the invention. 
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Basically Che differemial oscUla^r 300 comprises two osciUa«.r feedback systems 
30IA, 301B mtercomiected by a common capacitive pliase slufting link 302. 

In ope^tion, the common phase shifting link 302 cooperates with the two feedback 
5 systems 301A, 301B to enable self-sustained differential oscillaUon He 
mteroonnecting capacitive link 302 completes the differential oscillator essentially 
formed by the two local oscillator feedback systems. The two ideally identical 
feedback systems 301A and 3018 operate, together with the common phase shifting 
l.nk 302, effectively in ami-phase with respect to each other as two separate oscillator 
10 halves joined by a common connection. 

Each local oscillator fe«iback system comprises an oscUlator amplifier 303A/303B and 
a phase shift filter 304A/304B. Each phase shift filter 304A/304B includes a phase 
shtft function 305A/305B and a feedback amplifier 306A/306B. In practical 
realizations however, d,e phase shift function and the feedback amplif«r are 
advantageously integrated; as will be described below witt> reference to Fig 10 It is 
also convenient to use an inverting feedback amplifier and introduce an appropriate 
degree of phase shift in die phase shift fdter. 



20 



25 



I. ts Clear that the local oscUlator feedback systems should be configured in such a 
manner that each local feedback path has a significant phase shift when U«y are 
.solated from each other. However, self-sustained oscillation to each l«=a, oscillator 
feedback system requires to-phase feedback, which is de^ly „o. present when tire 
local feedback systems are separated. Wore, ttte common phase shifting link is 
tequtred for mtercom^cting the two oscillator feedback systems. However it is 
unportant fl»t the common link is arranged to such a way that ti,e required zero'phase 
shtft condition is met only when the two local feedback systems operate to antiphase 
ma, respect to each otiier, i.e. for differential excitation. 
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In order to provide higher order phase shift filtering, each feedback amplifier is 
provided with its own internal feedback loop 307A/307B. In this way, as it has turned 
out, the local feedback systems will experience an abrupt change in phase shift when 
the frequency deviates slightly from the desired oscillation frequency, thereby strongly 

5 attenuating signal components with frequencies other than the ideal oscillation 
frequency. In fact, it can be shown that the introduction of an internal feedback loop in 
the oscillator feedback systems, the same phase shifting properties as a second order 
LC filter can be obtained, but without having to use low-quality inductive elements. 
The desired operation during differential mode excitation is schematically illustrated in 

10 Fig. 9, which is an ideal equivalent bisected model of the oscillator of Fig. 8 when the 
feedback amplifiers are provided with internal filter-order enhancing feedback loops. 
In essence, according to the bisection theorem, the equivalent model of Fig. 9 
illustrates one half of the overall oscillator with a bisected common capacitive link. 
The feedback path from output to input of the oscillator amplifier 401 is represented by 

15 an equivalent inductance 403 and an ideal gain amplifier 404 for providing the 
necessary voltage transformation. The equivalent inductance 403 (L) cooperates with 
the bisected capacitive link 402 (C), thus fulfilling Barkhaussen's criteria of zero total 
phase shift (and unity loop gain) for the overall oscillator circuit. 

20 Fig. 10 is a detailed circuit diagram of a differential oscillator based on the high-level 
block diagram of Fig. 8. The differential oscillator 500 comprises two branches 
interconnected by a common capacitive link 502. In this realization, each of the local 
feedback systems includes an emitter-follower based oscillator amplifier 503A/503B 
and a phase shift filter 504A/504B. The phase shift filter 504A/504B comprises an 

25 inverting feedback amplifier with an embedded capacitive phase shift function. 
Preferably, the phase shift originates from the inverting feedback amplifier together 
with the phase shift filter capacitor C,. In addition, by introducing an emitter- 
decoupling capacitor Cei for each emitter-follower based oscillator amplifier 
503A/503B, an integrating ftinction is incorporated into the feedback system. In 
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practice, the emitter-decoupling capacitor C„ forms an additional capacitive pha« 
sluftmg element. The resistance R,, is used as the internal feedback element of the 
mvertmg ampUfier to p,»vide a second o«ler ftequency response for the phase shift 
function. 

5 

The resistance R,, has a biasing effect at the same thne as it sets the gain of the 
mverting amplifier, and the capacitance Ch, ensures that the inverting amplifier has 

maximum gain. 

.0 The differential oscillator 500 may be realized with and without tumng I„ this 
example, vai^ctor-based mning 501 is shown as a default mechanism. Aitemadvely 
however, the feedback-enhanced inverting amplifier stages may have a common 
emitter bias circuit in the fonn of a tunable current source (not shown). In such a case 
the tumng is basically effectuated by changing the quiescent current of the currem 

15 source. 



20 



25 



Although not explicitly shown in Fig. 10, the oscillator may also include circuitry for 
crystal or SAW oscillation enhancement. Also, the oscillator ampUfler stages may have 
a common constant current source. 

In order to complete the circuit design for any specific application or IC process it is 
tecommended to perform extensive simulations such as SPICE simulations together 
w,th extraction of parasitics from the actual layout. In the design work, fre<^e„cy 
properties of the local feedback systems are best studied under open loop conditions 
I.e. with the oscillator amplifier discomiected from the local feedback path. 

Fig. II is a schematic mid-frequency small signal AC electrical equivalent model of 
the emitter-follower based integrator/oscillator amplifier of Fig. 10. Tie emitter- 
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follower is capacitively loaded with the capacitor Cg, to form a phase shifting 
integrator. Referring to Fig. 1 1, the base current ib is equal to: 



h; 



(11) 



IC 



Applying Kirchoff*s current summation law at the emitter node (E): 



Rei 1/sC 



(12) 



El 



10 where hfe is the small signal current gain, and the reactance is represented in the 
Laplace domain. 

Using expression (1 1) in (12) gives: 



15 



V - V V 

hie R' 



El 



(13) 



where hie is the base-emitter impedance, and (1+ hfe)« hfe- 

The transfer function Fi(s) which is defined as the ratio of and Vj can then be 
20 expressed as: 



V 

Fj(s) = -^ 



R 



El 



V^fe J 



1+S 



R 



El 



1+STe 



(14) 



El 
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Where D, is U,e buffer amplifier dampi,^ and is fl« equivalent low-pass filter time 

constant. 



In the frequency domain s=jQ). Accordingly: 



10 



Fi(CD)=--^ 

1 + JW-Ce (15) 



The phase shift ,j, from input to output, i.e. the "phase retard", is equal to: 
<|)i = arg[Fj ( jcD)] = - arctan[©TE ] = - arctan 



(16) 



with comer frequency: 



^ 2n 



2n 



IPfe 



r ^^^^ 



15 



It can thus be seen that it is possible to obtain a phase shift between 0" and -90° 
dependmg on the combination of emitter-decoupling resistor (R„) and capacitor (C„) 
In die Imiiting case, the integrator gives an ideal phase shift of -90°. 

» Fig. 12 is a schematic mid-frequency smaU signal AC electrical equivalent model of 
the .nverting amplifier based feedback network of Fig. ,0, including the bisected 
common capacitive link. In the equivalent model, the feedback network can be seen as 
fonned around an ideal inverting amplifier with an input lead fUter on one side and an 
output lag filter mtegrator on the other side, intercomiected by an internal feedback 

25 resistor. 
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Applying Kirchoff's current summation law at the base node (B): 



(Vj-Vb)sC,+ip=-^ + ib 



R 



B2 



(18) 



5 where is the base voltage potential. The base current ib is defined as: 



lb = 



'le 



(19) 



where hj^ is the base-emitter impedance. The feedback current ip is given by: 



10 



ip = 



V -Vu 



R 



Bl 



(20) 



The expressions (18) - (20) give the following expression: 



15 



ViSC,=--^ + Vb- 



1 11^ 

+ + — + sC, 

Rb2 ^Bl 



(21) 



Applying Kirchoff's current summation law at the collector node (C): 



V 

ip + hfeib+-^ + sCoBVo =0 



20 



(22) 



where is the small signal current gain, Cqb is the bisected capacitance from the 
common link and is the parallel combination of output loads (including the 
transistor output impedance r^). Using expressions (19) and (20) in (22) gives: 
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R 



Bl 



(23) 



1 1 



OB 



BI 



_"fe . 1 



hie ""r 



(24) 



Bl 



5 Now 



, usmg expression (24) in (21) g.es tl.e transfer function F,,(s) for the feedback 
amplifier based phase shift filter in combination with the bisected 
link: 



common capacitive 



FfA(s) = ^ = 



'fe 



1 



RbiI R 



11 ] V 

V^B2 Rbi hj. 



1 1 ^ ^ 



10 



Note that in order to provide sufficient voltage gain, the feedback 

impedance: 



(25) 

must -have high 



15 



Rb. » 



'fe 



(26) 



The transfer function F,^(cd) in the frequency domain is given by: 
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FfA(co) = ^ = 



R 



Bl 



R 



jcoC, 



R 



BI J 



V^B2 



R 



Bl 



Bi J 

+ — + jcoC, 



^Bl 

(27) 



10 



15 



The overall phase shift provided by the transfer function is defined by subtracting the 
phase shift of the denominator from the phase shift of the numerator. By analyzing 
expression (27) it can be seen that a phase shift of -90° is supplied by the numerator. 
The integrator formed by the capacitively decoupled oscillator buffer analyzed in 
connection with Fig. 11 introduces an additional phase shift of down to -90°. In a 
particular implementation, part of this phase shift may already be present due to 
parasitic phase shifts at high frequency. Properly dimensioned, the denominator 
contributes with the additional required phase shift of -180°. The term 



1 



R 



Bl 



R 



IS 



positive and 



IS 



usually negligible. If 



Bl J 



^111 

coC, » + -f 



and coCqb » + , which corresponds to large 



B2 ^^Bl Rq Rbi 



Rb2 R 

capacitance values and/or a high operating frequency, the denominator reduces to (in 
the limiting case): 



(jo>CoB)'(jcoC,)=-(D^CoBC, 



(28) 



which is equivalent to a phase shift of -180°. In summary, it can be seen that arg[VJ - 
20 argiyj varies between -180° and +90°. In the upper limiting case, arg[VJ - arg[Vi] = 
-90° - (-180°) = +90°, which is balanced out by the additional phase shift of -90° 
introduced by the capacitively decoupled buffer integrator analyzed in connection with 
Fig. 11. Thus, Barkhaussen's criterion of zero total phase shift is ftilfilled. However, it 
should be understood that it is more practical to realize the required phase shift using 
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more than one phase shifting integrator link in the overall feedback network, avoiding 
the lnn.t,ng case, as wiU be described below in connection with Fig. 13. It is apparent 
that n is easier to use several phase shifting links, each of which is optun:zed towards 
a target phase shift far away from the limiting case. 

5 

For the overan osciHa.or operaUon, it i. of fundame^al i„,x,r,aace to udlize the 
common lit* to such a that a significant addi.io«a phase shift is provided only 

for different^ signals and substantial co«nK,n mode suppression is achieved. Another 
unportant objective is to operate the tespecdve phase shift filters well apart from zero 
0 phase shift to reduce the probability of high or low frequency spurious oscilUtions A 
s,gmf.cant phase shift we,, apan from zero will dominate over any pat^sific p,^ 
sh,t,s and the frequency^ependent phase shift of die wide-band oscillator buffer 
ampUfiers. In thi. way, the number of active elemems in a,e circuit design can be 
m,n,mized whUe a, the same time optimizing the phase shift as a fimction of die 
frequency of die overall escalator feedback network. 

I. Should be understood that diere are various types of phase shifting links or filters 
cha, can be utilized and/or combined in fl» oscUlator to fttlfill Barkhau^'s criteria of 
susminable oscillation. For example, both diffe^ntiating a«l integrating phase shiftmg 
hnks can be incorporated in the invetting amplifier and embedded phase shift filter 
For general infomiation on various phase shifting links in oscillators, refet^nce is 
made to US Patent 4,571,558 and US Patent 4,646,033, which are incorporated herein 
by reference. 



The perfonnan^ characteristics of the proposed frequency selective feedback networks 
■s analyzed by introducing a reference topology in fonn of a simple second order LC 
fflter wtth known perfonna^e properties, atK. comparing the two topologies. By using 
a known reference topology, i, is ^sible to amUyze the mote complex feedback 
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network topology of Fig. 10 without explicit calculations by matching corresponding 
terms in the phase shift functions. 

The reference topology is selected as a second order LC filter configured as a voltage 
5 divider formed by a capacitive element C and an inductive element L with a loss 
resistance R. 

The transfer function Flc(co) of the LC filter is given by: 



10 



Flc(^) = 



1 



(1 - co^LC) -h jcoRC (1 - m^^c) + j"LC 



(29) 



It can be derived that the Q-value for the LC filter with the transfer function Flc(<j>) is 
given by: 



15 



Qlc= — = 



coL (0 LC m 



LC 



R coRC n 



(30) 



LC 



Presenting the transfer function Ffj^((o) given in (27) in more compact form: 



20 



FfA(^) = 



jcoC, 



R 



B1 



hie ^Biy 



1 1 1 ^ 

+ + — + jcoC, 

Rd-) R 



■B2 ^^Bl "ie 

V ' 

k2 



— + — + J©CoB 
V. ^4 



k, + (kj + jk3)(k4 + jkj) k, + k2k4 - kjkj + Xkjkj + kjk^ ) 



(31) 
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Bringing expression (31) into conformity with expression (29): 



jno 



FfA (to) = 1 ; EO ^ k, +k2k 4 

V — ' ^ ^ • 

J"fl 



1 - nifA + 



fA + JHfA 



5 By comparing the denominators of F^(co) in (29) and F,,(c.) in (32) and in analogy 
with expression (30) it can be seen that the Q-value of the frequency selective feedback 
network of the proposed oscillator can be estimated as: 



fA 

"fA (33) 



O - "'fA 
VfA - — 



From expressions (31) and (32) above can be readily seen mat U,e niter response is 
of second order: 



15 

Apparently, a higher-order filter can be achieved by arranging an intend feedback 
loop a^turf the active element in me phase shiit filter, without using inducdve 
elements as in me LC filter topology. This is a great advantage, since a high Q-value 
can be obtained wimout being limited by the internal lo«es of me inductive elemem 
20 Omer Significant improvements include reduced area and IC process t^uirements 
reduced magnetic coupling due to absence of an explicit resonator, and possibUity ^ 
mcrease die operating frequency. 
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As mentioned earlier, working close to the limiting case for realizing significant phase 
shifts is difficult and normally introduces excessive attenuation when using only a 
single phase shifting integrator link. A more convenient way to realize the required 
phase shift is to introduce multiple cascaded amplifier-based phase shift filters, each of 
5 which contributes with a small phase shift increment. This increases the design 
flexibility and relaxes the gain and phase shift requirements on each phase shifting 
block. With such an arrangement, the mandatory phase shift condition is met without 
serious degradation of the saturated amplitude, thus increasing the signal-to-noise ratio, 
even when the effect of introducing the additional active elements is taken into 
10 account. In this respect, it its also advisable to use several common phase shifting links 
interconnecting corresponding terminals in the local feedback paths to improve the 
differentiality even fiirther. 

Fig. 13 is a schematic circuit diagram of a differential oscillator implementation 
15 incorporating multiple cascaded phase shift filters. In similarity to the embodiments of 
Figs. 8 and 10, the oscillator 600 is based on two interconnected local oscillator 
feedback systems. Each local feedback system comprises an oscillator amplifier 603 A/ 
603B having a local feedback path. In this implementation however, each local 
feedback path includes several phase shift filters or phase shifting blocks 604A-1 to 
20 604A-N/604B-1 to 604B-N. The phase shift filters may be based on inverting and non- 
inverting feedback amplifiers with additional phase shift elements in various 
combinations. The feedback amplifiers are provided with their own internal filter-order 
enhancing feedback loop, and it is even possible to arrange filter-order enhancing 
feedback loops 630A/630B between different phase shift filters in the local feedback 
25 paths to enable higher-order phase shift filtering. 

In the case of using phase shift filters based on inverting amplifiers, it is 
recommendable to utilize an odd number of phase shift filters or blocks in each local 
feedback path to ensure negative feedback for low frequencies, thereby obtaining 
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Strong suppression of low-frequency spurious oscillations. This is similar to the 
properties of conventional cross-coupled feedback, but without the drawbacks of high- 
impedance loading. Preferably, the local feedback systems are interconnected by 
several common phase shifting links 602-1 to 602-N. Each common phase shifting link 
provides a comiection between points in the two local feedback systems that are in 
antiphase with respect to each other. In this way, symmetry is maintained and proper 
differential excitation of the common links is ensured. This gives a significant 
difference in loop phase shift when the two local feedback systems are working in 
antiphase, i.e. differential excitation, compared to the unwanted simation when both 
systems are working m phase, i.e. common mode excitation. 



As mentioned earlier, cross-coupled topologies may also benefit from the enhanced 
phase shift filter of the invention. Fig. 14 is a schematic circuit diagram of a cross- 
coupled oscillator according to the invention. A cross-coupled variant can be designed 
15 usmg two sides, each of which comprises a low-impedance oscillator amplifier buffer 
703A/703B and a phase shift filter 704A/704B, and connecting the output from one 
side to the input of the other side and vice versa. Such a cross-coupled arrangemem 
requires that the phase shift filters are designed to operate with a phase shift of one 
half cycle (180O) at the oscillation frequency, instead of the zero phase shift implied in 
20 the oscillator topology presented in Fig. 8. The topology of Fig. 8 is based on two 
local in-phase feedback systems that are intercom^ected by a common phase shift link 
For the cross-coupled design, on the other hand, there is only a single feedback loop. 

Each phase shift filter 704A/704B comprises an inverting amplifier with a filter-order 
25 enhancing internal feedback resistor R„ an input capacitor and an output capacitor 
forming a lead-and-lag filter network of second order. The time constants of the 
lead-and lag network are adjusted properly to ensure that the total phase shift is 180o at 
the oscillation frequency. 
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Although the invention is generally applicable, it should be pointed out that the 
invention is particularly suitable in high performance and high speed synchronous 
digital electronics systems and communication links with tight timing budgets and/or 
harsh spectral purity requirements for reference clocks, and for operation in noisy 

5 environments such as densely packed mixed analog and microprocessor/digital 
systems. In particular, transmitters and receivers used in wireless applications 
commonly employ a frequency multiplexed scheme where several independent analog 
or digital base-band signals are modulated on separate but closely spaced radio 
frequency carriers to form a set of channels. Extraction of the useful base-band data at 

10 the receiver side typically involves a down conversion mixer topology where the input 
RF signal is multiplied with a local oscillator clock signal. Because of the inherent 
spread spectrum tail output from a non-ideal oscillator with fmite quality value, 
interfering signals from adjacent channels may also be down converted to the base- 
band. This will introduce noise or crosstalk between channels, which ultimately will 

15 affect the bit error rate for the whole transmission link. In such applications, it is 
consequently of outmost importance to utilize high-performance oscillators such as 
those proposed by the invention. 



The embodiments described above are merely given as examples, and it should be 
20 understood that the present invention is not limited thereto. For example, improved 
rejection of power supply variation may be achieved through current source 
stabilization of the bias point. Current starved feedback amplifiers, which experience 
increased propagation delay, may be used for implementing phase shifts and/or for 
tuning the oscillation frequency. Further modifications, changes and improvements 
25 which retain the basic underlying principles disclosed and claimed herein are within 
the scope and spirit of the invention. 
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CLAIMS 

1. An oscillator having at least one oscillator feedback system, wherein said 
oscillator feedback system comprises: 
5 - a phase shift filter; and 

- a fiter-order enhancing feedback loop associa^d with said phase shift ni«r. 

2. -n-e osci.la.or according ,o claim 1. wherein said phase shift fiter comprises a, 
eas, one active amplifying element in con^ction with said filter-order enhancing 

3 feedback loop. ^ 

3. The oscUlator acconiing .„ claim 2. wherein said active amplifying element is an 
inverting amplifier. 

4. The oscillator according to claim 3, wherein said phase shift filter further 
comprises an inptt, capacitor blocking the input of the inverting amplifier and an output 
capacitor shunting the output of the inverting amplifier to ground, thereby defining a 
lead-and-lag filter network. 

y The oscillator accordir^ to claim 1, wherein said filter-order enhancing feedback 
OOP comprises a number of int^connected reactive blocks, each one of said reactive 
blocks comprising a paraUel resi.tor.capaci«,r network and being individuaUy 
we^hted for providing a custom^, non-linear frc^ency response of the phase shift 

6. -nae oscillator according to claim 1. wherein said oscillator feedback system 
compnses several phase shift filter,, and said filter-onter enhancing feedback loop is 
associated with at least one of saW phase shift filters. 
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7. An oscillator having a number of phase shift filters arranged in a ring topology, 
wherein at least one of said phase shift filters is associated with a filter-order 
enhancing feedback loop for shaping the phase shift function of the phase shift filter to 
enable higher order phase shift filtering. 

5 

8. An oscillator having a cross-coupled oscillator feedback system comprising a 
number of phase shift filters, wherein each one of said phase shift filters is associated 
with a filter-order enhancing feedback loop for shaping the phase shift function of the 
phase shift filter to enable higher order phase shift filtering. 

10 

9. The oscillator according to claim 7 or 8, wherein said phase shift filter comprises 
at least one active amplifying element in connection with said filter-order enhancing 
feedback loop. 

15 10. The oscillator according to claim 9, wherein said active amplifying element is an 
inverting amplifier. 

11. The oscillator according to claim 10, wherein said phase shift filter further 
comprises an input capacitor blocking the ii^ut of the inverting amplifier and an output 

20 capacitor shunting the output of the inverting amplifier to ground, thereby defining a 
lead-and-lag filter network. 

12. An oscillator having an oscillator feedback system, wherein said oscillator 
feedback system comprises: 

25 - a phase shift filter arranged as a lead-and-lag network incorporating an active 

amplifier; and 

- a filter-order enhancing feedback loop in connection with said active 
amplifier in said lead-and-lag network. 
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